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INTRODUCTION 
GE has recently developed a family of flexible circuit eddy current sensors in an 
effort to provide our customers with cost effective solutions to the inspection of 
complexly shaped, metallic surfaces. The new family of eddy current sensors, comprised 
of single element and multi-element conformable probes, are lower cost derivatives of 
the multiple coil Eddy Current Array Probe (ECAP) previously developed by GE [I]. 
This paper discusses the major aspects of flexible circuit sensor optimization. These 
include consideration of eddy current coil orientation and geometry, operating frequency, 
and instrumentation. 
The primary objective of this work is to develop a conformable eddy current (EC) 
probe, capable of scanning a wide area for inspecting critical rotating parts of aircraft 
engines. There are a number of design constraints, beyondconformability, that 
ultimately serve as performance goals. The first design goal applies to scan area, and 
therefore how much inspection time can be saved when compared to a conventional 
pencil probe. A scan area of at least 114" was selected as an initial start point for probe 
sizing. Observed signal-to-noise ratio (SNR) on known defects and EDM notches with 
such a probe area is a key metric in this study. 
A second design constraint relates to instrumentation required to inspect parts 
with the flexible probes. The most cost effective EC sensor should be compatible with 
conventional, single channel EC instrumentation. This constraint will drive design 
criteria for probe impedance level and resonant frequency, and ultimately signal levels 
generated when inspecting EDM notches. A potential weakness of the flexible circuit 
based probe is the high resonant frequency (>=40MHz) [2].This is a direct result of 
having a coil with only a few windings-current manufacturing processes dictate that 
more windings will produce a thicker, and thus more rigid probe. The resonant frequency 
of the coil will determine the best operating frequency in that the resonance regime 
provides the greatest sensitivity to changes in the effective coil inductance (produced by 
magnetic field interactions with the part under inspection.) Typically, eddy current probes 
are operated either slightly below or slightly above the resonant frequency of the probe. 
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Operating the probe at resonance produces too much electronic noise and operating too 
far off resonance does not give a sufficient probe output. Further details on the frequency 
characteristics of these probes are provided in [2]. 
The final, and most important design constraint is the SNR. In this presentation 
we define the SNR as the peak-to-peak signal divided by the largest peak-to-peak noise in 
the image. The probe should provide at least a 3-to-l SNR when inspecting a 30 by 15 
mil EDM notch in titanium. In titanium alloys, the predominant source of noise results 
from the complexity of the material microstructure. This is illustrated in Fig. 1 where the 
same eddy current probe is scanned over an inconel and a titanium sample using identical 
instrument settings. As shown in the figure, the background material noise in titanium is 
several times larger than in inconel. This is another factor that must be considered in 
designing new coils. 
PROBE IMPEDANCE CHARACTERISTICS 
Previous work [2] contrasts the impedance characteristics of flexible eddy current 
probes versus a conventionally wound probe, the results are summarized here for the sake 
of completeness. Conventional eddy current probes can be designed for a particular 
frequency range (see Figure 2a.) , but operate in a relatively narrow band of frequencies ; 
e.g. 50 percent bandwidth. Flexible coils, due to the limitation on the number of turns, 
are more difficult to design for low frequency operations, however, they are broadbanded 
(see Figure 2b.); i.e. greater than 100 percent bandwidth. The critical issue is obtaining a 
sufficient probe output at a fixed frequency. 
PROBE GEOMETRY AND ORIENTATION EFFECTS 
A number of experiments were performed to analyze the effects of probe 
geometry and orientation, with respect to a flaw, on the SNR. The dominant feature 
turned out to be the overall length of the rectangular coil (the length of the coil is along 
the axis connecting the two differentially wound sense coils). Increasing the aspect ratio 
of the coil had no impact on the SNR. This is shown in Table I, where the coil length is 
(b) 
Figure 1. Eddy current images obtained with a 0.360"xO.06" rectangular flexible eddy 
current coil. The images are from calibration blocks with EDM notches and holes made 
from (a) Inconel and (b) Titanium. 
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Fig. 2. Impedance and flaw detection characteristics of conventional and flexible probes. 
held fixed and the width of the coil is increased. No noticeable change in the SNR is 
observed. However, as the length of the coil is increased, a relatively large effect on SNR 
is observable. In Fig. 3 we show the results of varying coil length on SNR. Here we see a 
large impact on SNR for both incone! and titanium. This is a dircct consequence of using 
a differential coil. The differential coil basically looks at the difference in impedance of 
the two opposing sense coils. As the surrounding drive coil becomes larger, the sense 
coils must ultimately amplify the difference between material that is more and more 
dissimilar (located further apart spatially apart). The noise level keeps increasing until a 
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Figure 3. Signal-to-noise variations with respect to coil length 
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Table I. SNR with respect to coil area. 
Coil Area SN 
(sq. inches) R 
0.0192 4.2 
0.0384 4.2 
0.0576 4.1 
critical distance is reached and then it starts to level off. This characteristic length may be 
related to the microstructure of the material, but further study is still needed. 
The other aspect that impacts on both the sensitivity and the maximum allowable 
scan area of the probe is the orientation of the probe relative to the orientation of the 
crack. Fig. 4 shows the effects of a probe as it passes over a 30 by 15 mil EDM notch at 
different probe/crack intersection angles. In the figure, the angle beneath the image 
corresponds to the angle that the long axis of the coil makes with the long axis of the 
crack. Thus, an angle of 0 degrees correlates to a crack being parallel to the long side of 
the coil. Also shown in the figure are values beneath the angles which represent the 
maximum peak to peak amplitude from the notch. However, when the angles move 
beyond 45°, there are actually two separate peaks due to the short and long side of the 
coil. The second set of numbers correspond to the smaller peak from the longer side of 
the coil. Although we do not see a very dramatic drop off in the peak probe response as 
the angle decreases, we do have a significant reduction in the area of the probe that 
produces this peak amplitude. As a result, the effective scan area of the probe is 
significantly reduced . Furthermore, since the noise is unaffected by the orientation of the 
probe the SNR ratio will also be reduced in the less sensitive areas of the coil. 
INTERFACING FLEXIBLE PROBES TO CONVENTIONAL EC INSTRUMENTS 
Flexible eddy current probes present lower impedance and smaller RF signals to 
an EC instrument when compared with a conventionally wound probe. This often 
necessitates a higher gain setting for the instrument amplifier, which in turn can lead to 
increased electronic noise in the inspection. A simple solution to this problem is the 
addition of a matching transformer between the flexible probe and the EC instrument. In 
addition to voltage gain, the transformer provides a level of impedance matching to 
minimize reflection losses. 
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Figure 4. Probe orientation effects. 
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A specific probe example is demonstrated schematically in Figure 5. A network 
analyzer was used to measure the impedance characteristics of 0.360 by 0.600 inch 
rectangular shaped flexible eddy current coil and are given in Table 2. Of these values, 
the inductance is of course of greatest interest as the element that interacts with eddy 
current induced magnetic fields. It should be noted that the observed capacitance of 20 
picoFarads corresponds to a resonance point of 40MHz, and is the combination of 
capacities present in both the probe and the measurement equipment. In reality, the coil 
alone does not exhibit 20pF of capacitance. Also, the finite Q of the resonance circuit is 
represented by a damping resistance of l.4kohm which corresponds to the maximum 
measured impedance ( IZI ). The calculated network impedance at the desired operating 
frequency of 3MHz is 27ohms. 
The input impedance of a standard eddy current instrument was also measured 
Llsing a network analyzer. The input circuit at inspection operating ranges of I MHz to 
6MHz can be represented as 5000hms resistance in parallel with 100 picoFarad 
capacitance. Impedance matching is achieved using a commercially available RF 
transformer with a 4: I turns ratio. A 4: I turns ratio yields a 16x increase in impedance as 
observed by the EC instrument. Specifically, our 270hm at 3MHz probe becomes 
4320hms at 3MHz. The reflection coefficient [3] in this case is: 
ZL-ZO 
r = Z Z =0.073 
L + 0 
(1) 
The transducer power gain, the ratio of sensor power to power delivered to the EC 
instrument, in this case becomes: I - Ire = 0.995, or 0.5 percent power loss. 
The transformer also provides a voltage gain of 4, or 12dB. This voltage gain is 
significant, as conventional EC instruments are essentially voltage sensitive, not current 
or power sensitive. The transformer is an effective, low-cost replacement to the active 
preamplifier circuits Llsed in previous hand-held flexible probes [4]. 
PROBE SENSITIVITY AND OPERATING ENHANCEMENTS 
In order to extend the operating region of flexible eddy current coils into the 
"hundreds of kilohertz to a few megahertz" region, and therefore improve the ability to 
inspect higher conductivity and permeability materials such as aluminum and magnetic 
steels, it is desirable to make the coil inductance as large as possible. It is well known 
that the addition of ferrite material to a coil center concentrates the magnetic field, and 
increases inductance. With this in mind, the development effort was able to take 
advantage of newly available flexible ferrite materials. A ferrite impregnated, with 
specified relative permeability of nine (9), was glued to the back side of a flexible eddy 
current sensor. A l.4x increase in coil inductance was measured using a network 
analyzer, accompanied by a downward shift in resonance frequency (Fig. 6). 
Table 2. Lumped parameters of flexible sense coil 
DC Resistance (Rs): 22.8 ohms 
Inductance (L): 779nH 
Capacitance (Cobserved): 20pF 
Rdamp: 1.4 kohm 
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Figure 5. Schematic diagram of flexible eddy current coil and transformer coupled 
interface to inspection instrument. 
Observed improvements in crack response are summarized in Figures 7a-7d. Data 
were taken at I MHz and 2.5MHz inspection frequencies on a magnetic stainless steel 
calibration standard. The EDM notch (1/2 penny type) sizes varied from 0.050 to 0.020 
inches. Crack responses were increased by up to a factor of two (2). This "free gain" 
with little expense or impact on sensor flexibility is a welcome addition to eddy current 
probe design. 
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Figure 6. Shift in flexible probe resonance due to ferrite, Jll'=9, backing. 
Figure 7a. 1 MHz, ferrite backing Figure 7b. I MHz, no ferrite backing 
I GHz 
Figure 7c. 2.SMHz, ferrite backing Figure 7d. 2.SMHz, no ferrite backing 
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SUMMARY 
A flexible eddy current probe has been developed for commercial inspection 
applications. The probe has demonstrated acceptable detection performance on 30 x 50 
mil EDM notches from 500kHz up to lOMHz, on a variety of materials including 
stainless steel, inconel. and titanium. The probe works with commercially available eddy 
current instruments. and therefore requires no special hardware investment. The 
advantages of a conformable probe, with a wide scan area, can be realized for the 
inspection of large complexly shaped surfaces. 
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